The general impression of molecular evolution is often that one sequences a gene from a number of organisms and infers the evolutionary relations of the organisms. Indeed, if the sequences turn out to be orthologous and the data robust, one will get a phylogeny (tree) depicting those historical relations. But what one really obtains is a gene tree (I shall henceforth assume that the data are robust; that is another problem) and the biological messages implicit in that tree can be quite various. This article lists a number of those messages that one may have or may wish to look for.
INTRODUCTION (a) Species trees
Once a species divides into two non-interbreeding groups, the mutational process, nucleotide substi tutions in a given gene, causes the genes of the two incipient species to diverge. This divergence following each speciation creates a record that permits one to recover the cladogenic (speciation) process as long as one uses only genes (orthologous genes!) reflective of that process. In the spirit of new uses for new phylogenies, this is the oldest use. The other 22 uses below are newer uses perhaps new to some readers.
( b) Gene duplication
Perhaps the most important genetic process to evolution after the nucleotide substitution is the duplication of a gene to form two non-allelic copies. This permits the organism to modify one (or both) of the copies either to create a new function or to differentiate two functions with greater specificity. While speciation allows an organism to adapt preferen tially to each of two different niches, gene duplications allow an organism to adapt better to both of two different niches. Although the protease study of Kurosky et al. (1980) is a good example of studying such paralogous genes, perhaps the earliest example is that of Zuckerkandl & Pauling (1962) who estimated the times of gene duplication producing the beta and gamma lineages of the haemoglobins.
(c) Partial internal duplications
Gene duplications arise by unequal crossings-over outside the gene. If the crossing-over occurs within the gene, it gives rise to an internal repeat. An early example of this is apolipoprotein A which has 14 repeat sequences of eleven amino acids (Fitch 1977) . These have the interesting property that, because the repeats are ordered, not all possible trees of the repeating units are acceptable in explaining the history of the repeats. That is to say, all partial duplications must give rise to tandem elements.
(d) R ecom bination
I restrict the use of recombination to cross-over events to distinguish it from reassortment which involves the choice among alternatives whenever the cell has two (or more) different chromosomes that it can pass on to the progeny. Trees may sometimes clearly indicate the presence of recombination. For example, the clupeine tree (figure 1) has one branch with no change upon it, indicating that the molecule at its tip, clupeine Z, is an intermediate between clupeines YI and YII (Fitch 1971 ). The conclusion is verified by noting that all the differences between Z and YI are proximal to the differences between Z and YII. An even earlier example is that of haemoglobin Lepore which is a recombination of the human beta and delta haemoglobins (Baglioni 1962) .
( e) R eassortm en t Reassortment can occur not only at meiosis but also in viruses whenever two or more virus infect the same cell. This is the first of four consecutive sections that arise from the problem that different data may give rise to trees that conflict with each other. Such conflicts most commonly arise because the data are not robust enough to resolve the conflict. There are occasions, however, when both trees are correct and reassortment is as illustrated by influenza type C where the tree for the non-structural (NS) gene matches identically that of the haemagglutinin (HA) gene provided that the isolate from England Eng83, is not included (Buonagurio et al. 1986 ). Eng83 clusters with Cal78 or with Ya81 depending upon whether one examines the HA gene or the NS gene but the most recent common ancestors of Cal78 and Ya81 are deep in the tree so that the disagreement is enormous. The resolution of the conflict (see figure 2) is simply that arose when recent ancestors of Cal78 and Ya81 coinfected a cell and produced progeny with genes, some from one lineage, some from the other (Rudikoff etal. 1992) . If one examines the sequences other than those in exon 1, the tree (see figure shows an ancient gene duplication, giving rise to the paralogues, followed by speciation events. If, however one examines the tree for exon 1 (see figure the tree drastically conflicts with the previous tree by having the two speciation events precede the gene duplications which now must occur three times, one in each of the three species. The conflict is resolved by explaining the exon 1 tree as the result of gene conversion (see figure 3c ). It seems remarkable that gene conversion should occur in what is apparently the same position in each of three different species.
(g) P artial duplication w ith translocation Kurosky et al. (1980) studied the evolut proteases which may have a set of one or more motifs preceding the active site region. These motifs are called kringels in plasminogen which has five of them. The tree of the active site region (see figure 4 ) is largely congruent with that of the motif but there is one gross exception. The first kringel of prothrombin appears to have been obtained as a copy of a recent ancestor of the third kringel of plasminogen.
(h) Xenology
This is the last of four sections where trees apparently conflict, yet both trees are in fact correct. In this instance the gene tree (for phosphoaminotransferase, an anti-antibiotic) conflicts with the species tree because the gene conferring antibiotic resistance was obtained by way of a plasmid that permitted a trans species movement of the gene (Gray & Fitch 1983) . Symbiosis can lead to the same situation, mitochondria and chloroplasts being particularly good examples. The nucleoprotein (NP) gene of influenza A virus from humans and birds has been isolated from swine and swine genes have been isolated from humans and birds, which indicates substantial xenologous trafficking (Scholtissek et al. 1993£) .
EVOLUTIONARY TREES AND RATES AND DATES (a) G reatest rate
In figure 5 one can see a tree for human HA evolution with palaeontological dates (when the patient's throat was swabbed) that impel one to plot the substitutions accumulated since the root against the year of isolation (Fitch et al. 1991) . The result is a remarkably high rate of 10-2 substitutions per site per year or more than a million times than seen in mammals.
(J) Gene conversion
Gene conversion is an old genetic concept but was first shown at the molecular level by Slightom al. (1980) for a region of the human gamma haemoglobins that have two loci. I shall illustrate the idea with an example from the beta region of two paralogous T-cell receptors in three species of wild mice The NP gene has been isolated from many humans and birds (see figure 6 ). If one focuses on the evolution of the protein so as to measure only those nucleotide substitutions that produce amino acid replacements, one gets a very fast rate of evolution in the human lineage (10"3 replacement substitutions per year per site figure 6) whereas the rate in birds is not significantly different from zero (figure 6) (Scholtissek et al. 1993 a) . The difference is not a property of the gene itself but of the host species as the bird gene, upon transfer into pigs (asterisk in figure 6 ), shows an immediate increase in rate equal to that of the classical swine gene in pigs and of the human lineage shown in the figure.
(c) Covarions
If one wishes to know whether replacements are occurring randomly over the protein one can count how many times each amino acid site has had a replacement in its history and see if the distribution is Poisson distributed. When this is done, one finds an enormous non-randomness due largely, but not wholly, to an excess of unvaried positions (Fitch & Markowitz 1970) . Their number is the sum of the sites that are invariable (cannot vary) and those that are variable but by chance did not vary (have not varied) and the best Poisson fit to the varied positions permits an estimate of the number of invariable sites. Such computations and their revelations cannot be done without an inferred tree. The presence of a sizable number of invariable sites is worrying because all standard methods of correcting for multiple substi tutions at a single site assume there are no invariable sites and hence such correlations underestimate, some times grossly, the total change. Superoxide dismutase is thought to be a bad clock (Ayala 1986 ) but, given an approximate number of concomitantly variable cod (covarians) and some turnover rates, it could in fact be a good clock that was not seen as such because the corrections for multiple replacements were very in accurate (Fitch & Ayala 1994 ).
(d) Dating even ts
One often wishes to date past events. If molecules evolve at a constant rate, then the amount of change between two representatives of that molecule can be used to infer when the common ancestor of those molecules occurred. This process is rather old in molecular evolution (see Zuckerkandl & Pauling 1962) , but a particularly good example of this occurs with the influenza A NP protein whose rate of evolution is demonstrably regular and for which the dates of isolates are accurate (Scholtissek al. 1993 c) . Thus one may ask, ' When did the pig and human NP genes have their cenancestor (most recent common ancestor)?' Figure 5 . Evolution of two human influenza genes. On the left of the figure is the tree for the non-structural gene and on the right is that for haemagglutinin. Numbers on the trees are the number of substitutions required and branches are drawn to scale. Isolate names indicate where they were isolated and the year of their isolation. When the distance from the root is plotted against the year of isolation, the result is the two lines shown whose slope is the rate of evolution, showing that the clock is quite accurate, especially for haemagglutinin. From Fitch et al. (1991) . 
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nucleotide substitutions Figure 6 . Evolution of the NP gene of influenza A of birds and mammals. The tree is based on the amino acid sequences of this nucleoprotein with the amino acids back translated into ambiguous nucleotides so that silent substitutions are not present. The sequences clearly are separated into the major forms of humans and birds, although any one form is occasionally found in other species. An especially notable case is the several swine species (SW ...) descending from the asterisk which denotes the point at which the avian gene entered the swine population from the birds. From Scholtissek et al. (1993 a) .
When nucleotide substitutions since the cenancestor are plotted against year of isolation (see figure 7) , the date of their cenancestor is where the best fitting line crosses the x-axis. These dates differ for the pig (1914) and human (1920) lineages but their average is remarkably close to 1918, the year of the great (Spanish) flu pandemic. Gorman al. (1991) had earlier made an estimate of 1912 for that date.
( e ) Variation in rates
The actual estimation of rate variation among lineages has not been done often. Perhaps the first was by Langley & Fitch (1974) who examined seven proteins on a given tree for 17 mammalian taxa, fitting a maximum likelihood expression to the data where each protein was allowed its own rate but chosen to optimize expectations to observations. Time was measured in replacements as if the clock were operating (null hypothesis). The results shown in table 1, clearly reject the null hypothesis in two different ways. Do total rates (one lineage to another) remain constant re gardless of rate deviations by individual proteins? No, with p = 0.0004. Do relative rates (one protein to another) remain constant? No, with p = 0.006. Thus, there is demonstrable rate heterogeneity. Nevertheless, averaged over all seven proteins, the amount of change relative to the palaeontological dates provided by Van Valen is remarkably linear (see figure 6 of Langley & Fitch (1974) ). Kimura (1968) introduced this concept and main tained that most amino acid replacements are neutral, that is, the fitnesses are sufficiently close to 1.0 that stochastic rather than selective processes dominate their fate. The study in section 2e above was designed to test that hypothesis which, if correct, should find that x 2 is approximately equal to the degrees of freedom. It is in fact about twice that expected so that neutralism could apply to, say, 95 % of the replace ments only if the variance of the remaining 5 % were a huge 21 (0.95 x 1 +0.05 x 21 = 2).
EVOLUTIONARY TREES AND THEORIES (a) N eutrality

(b) P ositive D arw inism evolution
This is hard to prove at the molecular level. Perhaps the first example as that of Stewart and Wilson (1987) who showed that the lysozymes of artiodactyls and of the primate langurs were more closely related to each other than to those of their non-ruminant ancestors. Xl -9.7 p < 0.001 (one-tailed test).
More statistically robust, Hughes & Nei (1989) demonstrated that at the mouse histocompatibility locus the variable region was fixing replacements faster than the neutral substitution rate, which cannot happen except if there is positive Darwinian evolution. At the nucleotide level, but statistically weak, Smith et al. (1981) showed that two Escherichia coli promoters were analogous only because the inactive homologue of one was identifiable. A different method used data from the HA tree shown in figure 5 . It was assumed that the trunk of the tree represented successful viruses while the branches, which went extinct, harboured the losers. If the difference between winners and losers were related to immune surveillance, one might expect that the successful viruses had more antigenic site replacements than the losers. The null hypothesis is that whether a replacement occurs in an antigenic site is independent of whether it occurred on the trunk or a branch. This gives rise to the 2 x 2 contingency matrix in table 2 where the null hypothesis is rejected, implying that the successful virus is outrunning the immune system.
(c) Coevolution
It is common enough for people to make trees for hosts and parasites to see if they agree. They usually do not, which suggests that either the parasites have multiple hosts or that they can switch hosts. There have been at least five coevolutionary hypotheses put forward for Chlamydia relating to: 1, host; 2, infected cell type; 3, organ infected; 4, route of transmission; and 5, geography. The phylogeny of chlamydia as inferred from the tree for its outer-membrane protein is not congruent with any of those five hypotheses (Fitch et a l . 1993) . Such non-congruence is so often the case that it is obligatory to point out an example where there is cogruence. Hafner et al. (1994) showed that the tree for gophers and chewing lice agreed for all but one taxon. Moreover, this very congruence meant that the determination of rates for the lice could be calculated because of known palaeontological dates for the host. Interestingly, the rates for the lice were ten times that for the gophers, which is the inverse ratio of their generation times (but see Hafner & Page, this volume) .
( d ) Origin o f the genetic code
If all the RNAs come from one common ancestral tRNA, then the order of the gene duplications might provide information on the code's origin and, in particular, test the ambiguity reduction theory which asserts that, in the earliest stages, any amino acid might be charged to any tRNA. But there would be an enormous selective advantage if hydrophobic amino acids were charged to NYN tRNAs while hydrophilic amino acids were charged to NRN tRNAs where N is any nucleotide, R is any purine and Y is any pyrimidine. This alone would permit coding for alpha helices and beta sheets. Such a study was made (Fitch & Upper 1988) for seven tRNAs and those trees consistent with the ambiguity reduction theory were far out on the tail of the distribution, which was encouraging.
EVOLUTIONARY TREES AND BIOLOGY (a) The cenancestor o f everyth ing alive today
If the cenancestor is the most recent common ancestor, then what is the cenancestor for all we now survey? It is far more recent than the progenote, which is the first cell with a genetic apparatus. The problem arises because there is no out-group to use to locate the root. Schwartz & Dayhoff (1978) were the first to note that a partial gene duplication common to all living organisms must have occurred before the cenancestor. Ferredoxin seemed to be such a molecule but the result was ambiguous. The tRNAs of section 3 should also be such molecules and provide seven tests of root location but again the result was ambiguous (Fitch & Upper 1988 ). The cenancestor of us all is still to be located.
(6) Tissue tro p ism s
Why should HIV have such apparent difficulty infecting the brain? The assumption is that certain changes in the envelope protein are required to permit access to receptors of brain cells. This is unfinished business although Korber & Myers (1992) have made an excellent start with their signature analysis. A study using trees that possess pairs of nodes where the tissue specificity changes between them permits one to focus on just those changes that occur between them. A collection of such pairs should be very revealing. An example of brain and blood isolates where this could be done is that of Korber et al. (1994) .
(c) G eographic co rrela tes
In a study of the vesicular stomatitis viruses (vsv), one of the two major branches could be plotted easily on the map of Central America and it is clear that the viruses moved from Mexico (perhaps near Chiappas) southward first into Guatamala and then successively into El Salvador, Honduras, Nicaragua, Costa Rica and Panama (Nichol et al. 1993) . (Note that, owing to a misrooting of the tree, the geographic movement of the virus presented there is northward rather than southward. Although the polarity is changed, the branching structure is not.) In the study in section 4 there was an unusual phenomenon in which some branches seemed un usually long while at the ends of such branches there were a lot of very short branches (figure 8). This is not explainable by a mixture of long and short geographic distances. It is as if, as the virus moved south, it kept encountering new niches to which it had to adapt causing the most southerly forms to have evolved far more extensively than their northern forms which changed relatively little upon settling down into their new niche. Taking the long branches to represent spurts of change and the many short ones as relative stasis suggests a non-temporal analogy to the punctu ated equilibrium of Eldridge & Gould (1972) . I do not know the cause of the bursts but suggest that it could be the adaptation to a new arthropod vector. 
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• 0 20 40 60 80 number of nucleotide substitutions Figure 8 . Evolution of the vesicular stomatitis virus P gene. Tree shows only that part of the tree involving the lower part of Central America. It derives from portions from the north and shows a general trend of isolates south of the Mexican state of Chiappas, namely evolving southward. Isolate designations show the time of isolation and the country (HD, Honduras; NC, Nicaragua; CR, Costa Rica; PN, Panama). Note the large separation between two largely Costa Rican groups. From Nichol et at. (1993) . Figure 9 . Evolution of Escherichia coli insertion sequences. Data are presence/absence of mapped insertion sequence e ements. There were eight different insertion sequences used as probes and a total of 245 locations at which an element was observed in at least one isolate. The isolates all came from samples (stabs) stored for various numbers of years as follows: I 30 years, II, 13 years; III, 12 years IV, 10 years; V, 9 years; VI, 11 years. In addition, the c aggt i denotes a small group of isolates that are very similar (1 year) and the asterisk denotes 12 identical clones from the culture currently growing in the laboratory (zero time of storage). The short vertical segments are all one unit differences. From Naas et at. (1994, 1995) .
(f) S tress effects Naas et a l . (1994) examined the maps of insertion sequences from 118 clones from an E. coli stab made 30 years earlier and discovered there were 68 different haplotypes. Examining clones from stabs that were not as old (Naas et al. 1995) , they discovered that the younger the stabs the fewer the changes observed (see figure 9 ). This sitting around with nothing to do (no food, no oxygen) is dangerous. Perhaps the cells are trying to escape their dead end by mutating. Perhaps mutation rates often increase in a hostile environment. That could be adaptive on average.
EVOLUTIONARY TREE AND NON-TREES (a) N etw ork a ltern a tives
The analysis of the data in section 4 f led to the observation that among the isolates are seven that differ in only three map positions. As these data are for presence or absence of an insertion element at a site, there are only eight possible haplotypes and here are seven of them. If arranged according to which are one step away from each other, they appear at the vertices of a cube. There are over 50 equally most parsimonious trees and the usual tree algorithms would resolve this confusion with a concensus tree with a heptachotomy which is resolvable into 945 unrooted trees. I suggest that the network shown in figure 10 is the better representation, for several reasons. once from 128 and once from 242 (the difference lies only in the order of the two events that have given rise to haplotypes 128 and 242).
CONCLUSION
The list is of those uses that I have made of trees and is certainly far less than exhaustive. While a nimble mind might well discover the results inferred from these tree studies without recourse to a tree, the use of a tree simplifies and speeds the road to understanding evolutionary processes.
